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Abstract The formation of photolabile chlorine reservoirs depend on how much chloride is available in
the particle to react, which requires the chlorine partitioning to the particle in the troposphere to be well
understood. However, limited measurements of gas and particle composition necessary to constrain this
chemistry exist. We present measurements from the Wintertime Investigation of Transport, Emissions, and
Reactivity (WINTER) aircraft campaign that show inorganic tropospheric chlorine compounds (Cly) measured
in the lower troposphere are dominated by HCl and PM4 particulate chloride (pCl�), with contributions
from trace chlorine species like nitryl chloride (ClNO2), hypochlorous acid (HOCl), andmolecular chlorine (Cl2).
We observed elevated Cly mixing ratios over the ocean (540–625 pptv) compared to over land (178–225 pptv).
Observations show 0–20% (0–0.2 μg/m3) of measured chlorine partitions into particles with a diameter less
than 1 μm under typical WINTER conditions. The thermodynamic model, ISORROPIA II, overpredicts submicron
pCl� by a factor of 2 but is brought into agreement, assuming a small fraction of unmeasured,
refractory sea salt <0.1 μg/m3 exists. The model-measurement disagreement could also be caused by an
effective equilibrium constant for HCl that is too large. We derive a lower-limit equilibrium function
(Keq = 2.5 × 106 exp[5,208(1/T � 1/T0)] mol2·kg�2·atm�1) that lowers the model value’s temperature
dependency. This work provides constraints on Cly in the troposphere, addresses the sensitivity of chlorine
partitioning to minor changes in environmental variables, and highlights the remaining questions interfering
with our ability to correctly model pCl� concentrations.

1. Introduction

Multiphase photochemical cycling of tropospheric inorganic chlorine gases (Cly = HCl + ClNO2 + HOCl + 2Cl2)
has been shown to have significant air quality impacts. These impacts result from the high reactivity of atomic
chlorine and chlorine oxide radicals toward inorganic and organic compounds in the atmosphere (Riedel
et al., 2014; Sherwen et al., 2016). Such reactions influence the abundance and partitioning of odd hydrogen
(HOx = OH + HO2) and nitrogen oxide (NOx = NO + NO2) radicals, which both regulate ozone (O3) concentra-
tions and predominantly control the overall oxidative capacity of the atmosphere. Sherwen et al. (2016) esti-
mated that tropospheric halogen atoms, globally, could be responsible for 15–27% of the oxidation of
volatile organic compounds. Several studies have suggested that the release of chlorine atoms from multi-
phase photochemical cycling could be the dominant early-morning oxidative agent in the winter when
HOx radicals are less abundant (Osthoff et al., 2008; Riedel et al., 2014; Thornton et al., 2010; Young et al.,
2013). However, there are very few observations to constrain chlorine chemistry in the troposphere, and until
10 years ago, it was thought to be relatively unimportant to include in tropospheric chemistry models.

Throughout the troposphere, reactive chlorine compounds are expected to be primarily in the form of hydro-
chloric acid (HCl) and particulate chloride (pCl�), with minor contributions from hypochlorous acid (HOCl),
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nitryl chloride (ClNO2), and chlorine gas (Cl2; Keene et al., 1999). Together, HCl and pCl� exist in a dynamic
equilibrium that depends on highly local multiphase parameters like particle pH, liquid water content, rela-
tive humidity (RH), and solute activity (a), all of which are influenced by ambient temperature, pressure,
and atmospheric composition. Unlike the nitrate equilibrium partitioning, we will show that because chloride
is typically a small component in submicron aerosols, its equilibrium partitioning is largely controlled by the
balance of other acids in the aerosol that drive particle pH, to which the HCl (g)/pCl� equilibrium responds. As
nitrate (pNO3

�) and sulfate (SO4
2�) accumulate in the aerosol, particle pH is driven lower, the activity coeffi-

cients are altered, and pCl� is ultimately displaced into the gas phase as HCl in highly acidic submicron par-
ticles. It is important to highlight that the backward reaction of this equilibrium can occur, allowing ambient
HCl to replenish available pCl� for other reactions, like the formation of photolabile reservoirs such as ClNO2

in areas where there is no significant primary source of pCl�. However, the thermodynamic properties that
control the phase partitioning of chlorine, such as acid dissociation constants, Henry’s law constant, and
the associated temperature dependencies of these quantities, have an uncertainty of nearly 3 orders of mag-
nitude (Sander, 2015).

Guo et al. (2016) has shown that the typical pH of submicron particulate matter with a diameter less than
1 μm (PM1) sampled during the Northeastern United States winter was extremely acidic with values ranging
from �1 to 3 and was primarily influenced by the bulk sulfate, nitrate, and ammonium contributions, since
they were present in much larger concentrations in the aerosol than pCl�, pNa+, or particulate potassium
(K+), calcium (Ca2+), and magnesium (Mg2+). This pH range is typical of PM1 aerosols within the polluted
boundary layer in the United States for other seasons and locations (Guo et al., 2015, 2016, 2017).

It is important to understand the chloride partitioning to the particle phase, since the abundance of photo-
labile Cl. reservoirs, such as ClNO2, Cl2, or BrCl (Behnke et al., 1997; Finlayson-Pitts et al., 1989; Roberts et al.,
2009; Sarwar et al., 2014; Vogt et al., 1996), directly depends on howmuch chloride is available in the particle
to react, as do parameterizations that attempt to dynamically predict their formation (Bertram & Thornton,
2009). Consequently, it is important to constrain the magnitude of the sources of pCl� and HCl and their mul-
tiphase partitioning to accurately assess the scale of tropospheric reactive chlorine impacts on air quality and
greenhouse gas lifetimes. There are limited simultaneous measurements of pCl�, HCl, and aerosol and gas
composition necessary to constrain this chemistry, complicating the ability to observationally verify model
predictions of tropospheric chlorine activation and its environmental impacts. Here we present an analysis
of observations obtained during the 2015 Wintertime Investigation of Transport, Emissions, and Reactivity
(WINTER) aircraft campaign to provide constraints on tropospheric inorganic Cly and its submicron gas-
particle partitioning.

2. Methods
2.1. Campaign and Instrumentation

The WINTER campaign took place in February and March of 2015 using the National Science Foundation/
National Center for Atmospheric Research (NCAR) C-130 aircraft, with instruments measuring a rich suite of che-
mical compounds, including O3, NOx, HCl, HOCl, Cl2, ClNO2, volatile organic compounds, dinitrogen pentoxide
(N2O5), nitric acid (HNO3), peroxyacyl nitrates, and aerosol composition over 13 flights over the eastern United
States during both day and night above rural and highly populated areas. Flight patterns were designed to
capture air masses downwind of coastal polluted regions throughout the night within the boundary layer when
nitrogen and halogen coupled heterogeneous processing occurs. In this work, focus will be given to data taken
using the University of Washington’s high-resolution time-of-flight chemical ionization mass spectrometer, the
University of Colorado’s high-resolution time-of-flight aerosol mass spectrometer, Georgia Tech’s particle-into-
liquid sampler (PILS) and ion chromatograph (IC), and the University of New Hampshire’s (UNH’s) bulk aerosol
filter measurements, restricted to areas that were not sampled in cloud.
2.1.1. CIMS
A high-resolution time-of-flight chemical ionizationmass spectrometer (hereafter referred to as “CIMS”) using
iodide-adduct ionization (Lee et al., 2014; Lopez-Hilfiker et al., 2016) was used to simultaneously detect, at
2 Hz, HNO3, HCl, ClNO2, N2O5, Cl2, HOCl, and chlorine nitrate (ClNO3), among other trace gases. Iodide ions
are produced by passing methyl iodide past a Po-210 foil and mixed with ambient air in a low-pressure
(80 mbar) flow reactor to selectively cluster with target gases in ambient air. A small fraction of the
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reaction mixture is continuously sampled into the mass spectrometer
where ions are ultimately separated by their time of flight; used to deter-
mine their mass to charge, m/Q, to within 15 ppmv; and counted using a
microchannel plate detector.

Calibrations for all gas-phase species used in this work are performed
through a variety of methods described in more detail in Lee et al.
(2014), with a methodology of our calibration methods and uncertainty
estimates for compounds measured with the CIMS during the WINTER
campaign found in Lee et al. (2018). The WINTER mean 10-s detection
limits (DLs) are 22 pptv for HCl, 2.2 pptv for HNO3, 1 pptv for HOCl,
and 0.1 pptv for Cl2, ClNO2, and N2O5. These DLs are a function of
both sensitivity and background level, neither of which is a constant,
as they can vary with ion molecule reactor (IMR) water vapor pressure
and polluted air parcels, respectively. The background noise for
chlorine-containing compounds are typically lower than those com-
posed only of carbon, oxygen, and hydrogen atoms since chlorine-
containing compounds have large negative mass defects. Therefore,

the DLs of chlorine-containing compounds are mainly a function of their sensitivity to iodide-adduct
ionization and noise detector (Lee et al., 2018). The estimated uncertainty for the reported data is
±30% for HCl, ClNO2, Cl2, HOCl, N2O5, and HNO3, for which a direct calibration was performed, and
the uncertainty represents a conservative estimate of the variability in measured sensitivity. For other
species, we rely on calculations of sensitivity, and the uncertainty (typically ±50%) stems from the scat-
ter about the relationship between calculated and measured sensitivities (Lee et al., 2018). A calibration
for ClNO3 is not yet available, and thus, we neglect it in this analysis. For the following analysis, values
from the CIMS reported below the DL are set to values equal to one-half DL.
2.1.2. Particle Measurements
Nonrefractory ions in particles with a wet diameter less than 1 μmwere sampled with a high-resolution time-
of-flight aerosol mass spectrometer (hereafter referred to as an “AMS”) at 1 Hz in total aerosol mass mode. The
general operation of the AMS has been described in detail previously (Canagaratna et al., 2007; DeCarlo et al.,
2006; Jayne et al., 2000; Kimmel et al., 2011), and specifics about the operation of the AMS during the WINTER
campaign are described in Guo et al. (2016) and Schroder et al. (2018). Relative ionization efficiencies for
pSO4

2�, pNH4
+, pNO3

�, and pCl� were determined by multiple in-field calibrations. The estimated overall
accuracy for AMS detection of inorganic species is estimated at 35% for aircraft operation (Bahreini et al.,
2008). Typical DLs during WINTER were 137 (57) ng/sm3 for pSO4

2�, 12 (5) ng/sm3 for pNH4
+, 69 (30) ng/

sm3 for pNO3
�, 77 (32) ng/sm3 for pCl�, and 474 (194) ng/sm3 for organic aerosol for a 1-s (1-min) sampling

interval (sm3 refers to cubic meters at standard temperature and pressure; Schroeder et al., 2018). Refractory
species, such as salts like NaCl, NaNO3, and Na2SO4, are inefficiently detected by the AMS (Hayes et al., 2013),
meaning that the reported submicron pCl�measurement does not contain significant contributions from sea
salt, but rather species like NH4Cl and KCl.

To account for missing refractory components of the aerosol, including NaCl, water-soluble ions in particles
with a wet diameter less than 1 μm were sampled with a PILS that was coupled with two ICs. Due to lower
sensitivity for the cation separation method used compared with the anion method employed during the
campaign, the cation IC was determined to have DLs too high to confidently report measurements of
pNH4

+ and pNa+ (comprehensive operational discussion provided in Guo et al., 2016). Only data from the
anion IC were available for the campaign (i.e., measurements of pCl�, pNO3

�, and pSO4
2�). Because of this,

the AMS provided the only submicron measurement of pNH4
+, which is a critical buffering cation in a deli-

quesced aerosol in determining aerosol pH in the polluted marine boundary layer. Furthermore, it was found
that only 19% (n = 106) of the pCl� measurements were above the 0.09-μg/m3 DL of the PILS-IC on a 5-min
time period (Table 1). Therefore, in explicitly calculating the equilibrium partitioning of reactive chlorine in a
Cl�-Na+-SO4

2�-NH4
+-NO3

�-water inorganic aerosol system, the AMS data were found to be most useful for
PM1 particles, though we use the PILS measurements, when available, as a constraint on the upper limit for
PM1 pCl

�. We thus evaluate whether nonrefractory pCl� is sufficient to explain HCl/pCl� partitioning and, if
not, how much of an error using it may cause.

Table 1
Limits of Detection for Species Measured by the PILS, AMS, and CIMS at Two
Different Sampling Periods, 10 s and 5 min (Shown in Parentheses), Used in
This Study

Measured Species

PILS-IC AMS CIMS

10 s (5 min) 10 s (5 min) 10 s (5 min)

Nitrate (μg/m3) 0.21 (0.04) 0.022 (0.004) —
Sulfate (μg/m3) 0.26 (0.05) 0.006 (0.001) —
Chloride (μg/m3) 0.51 (0.09) 0.022 (0.004) —
Ammonium (μg/m3) — 0.003 (0.0006) —
HCl (pptv) — — 22 (4.7)
HOCl (pptv) — — 1.0 (0.23)
Cl2 (pptv) — — 0.1 (0.02)
ClNO2 (pptv) — — 0.1 (0.03)

Note. PILS = particle-into-liquid sampler; IC = ion chromatograph;
AMS = aerosol mass spectrometer; CIMS = chemical ionization mass
spectrometer.
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A PILS fraction collector was also present, providing offline measurements of pNa+ with a DL of 0.001 μg/m3

in PM1 that used a different model cation IC. It also measured pCl�, but like the PILS-IC, the DL was 0.1 μg/m3,
which was higher than most points of observation. As such, we did not use these measurements in assessing
the chlorine partitioning but use the PILS fraction collector measurements when available, as a constraint for
PM1 pNa

+. The PILS with a fraction collector setup was similar to the PILS-IC, except with a higher liquid flow
rate of 0.72 ml/min over the impactor to allow collection of the PILS liquid sample into 2-ml polypropylene
fraction collector vials, which is described in Sorooshian et al. (2006). A vial was collected every 2min continu-
ously during each flight. The vials were analyzed for carbohydrates following the method of Sullivan
et al. (2014).

In addition, a filter sampling system was used to collect particles with a wet aerodynamic diameter less than
4.1 μm (PM4) with a 50% passing efficiency (McNaughton et al., 2007), which were subsequently analyzed for
water-soluble ions by IC, as described in Dibb et al. (1999, 2000). The filter sampling time was on average
5 min but varied across each flight depending on the flight path being flown. This aerosol composition mea-
surement technique will capture contributions from sea-salt aerosols with diameters approximately less than
4.1 μm, larger than the two PM1 composition measurements. However, it is important to note that consider-
able sea-salt mass potentially lies in larger particles that would not be collected by this measurement tech-
nique. Therefore, the measurements of particle chloride taken during WINTER reflect a lower limit of the
total chloride mass present in the atmosphere.

Particle size distributions in cloud-free air were measured at 10 Hz with a Particle Measuring System Passive
Cavity Aerosol Spectrometer Probe (PCASP/Signal Processing Package-200; Strapp et al., 1992; Snider &
Petters, 2008) for particles with a wet diameter between 0.1 and 3 μm. Uncertainty in the airborne aerosol
volume concentration derived from particle sizes measured by the PCASP has previously been estimated
at ±20% (Snider & Petters, 2008).

2.2. ISORROPIA II: Thermodynamic Equilibrium Partitioning Model
2.2.1. Model Description
We use the ISORROPIA II (Fountoukis & Nenes, 2007) thermodynamic model to determine the composition of
the Cl�-Na+-SO4

2�-NH4
+-NO3

�-water inorganic aerosol system during the 2015WINTER aircraft campaign. In
our calculations, we provide ISORROPIA II with total (gas + PM1) composition and ambient conditions, and the
model partitions species into either the gas or the particle in thermodynamic equilibrium with the system
(i.e., run in forward mode). For example, total chloride inputs to the model are the sum of the measured
gas-phase HCl from the University of Washington’s CIMS and ameasurement of the pCl� from one of the sub-
micron particle composition instruments, and ISORROPIA II calculated the equilibrium concentrations of HCl
and submicron pCl�. Because particle- and gas-phase measurements were made separately during the
WINTER campaign, it is then possible to verify whether themodel has correctly partitioned those compounds.
In addition, we calculate particle pH and liquid water content following Guo et al. (2015, 2016, 2017). All con-
centrations reported here for particle-phase species are at ambient conditions.
2.2.2. ISORROPIA II Simulations
In all ISORROPIA II simulations, we assume equilibrium of internally mixed, chlorine-containing, submicron
aerosols with the gas phase. Although most sea-salt mass is contained in larger particles that are externally
mixed, and that coexist with the accumulation mode (Keene et al., 1999), these externally mixed particles
have a significantly longer equilibration time with the gas phase. Additionally, most size-resolved estimates
suggest the pH of these larger particles is higher than those in the submicron due to a larger buffering capa-
city of the nonvolatile cations that dominate that mode (Fang et al., 2017; Zaveri et al., 2008) such that it may
not be thermodynamically favorable for these particles to displace chloride into the gas phase as HCl
(requires pH <~3). The assumption of internal mixing is based on coagulation cloud processing and nitrate
partitioning. We effectively assume that since HNO3 is in equilibrium with particles that do not contain NaCl,
such as those containing NH4

+-SO4
2�, over time, NO3

�will migrate to particles containing NaCl since NaNO3

is a more stable form of nitrate than NH4NO3, resulting in a mixed aerosol.

During theWINTER campaign, NH3 was measured using a heated inlet line with a long residence time leading
partial conversion of particulate ammonium into gas-phase NH3 prior to detection. Therefore, following Guo
et al. (2016), we chose not to use these NH3 data. Guo et al. (2016) showed that including the WINTER NH3

data in their ISORROPIA II analysis caused the resulting particulate NO3
� to be overpredicted by 65%
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compared to measurements from the AMS and PILS instruments during
the WINTER campaign. To address this error in nitrate partitioning, Guo
et al. (2016) iterated ISORROPIA II using the predicted NH3 concentrations
to calculate total ammonia (TNH3 = NH3 + NH4

+) as input for the next itera-
tion, until the ISORROPIA II NH4

+ predictions converged with the measure-
ments of NH4

+. They showed that the WINTER mean NH3 concentrations
were 0.10 μg/m3 (10th percentile = 0.0 μg/m3 and 90th percen-
tile = 0.25 μg/m3), and most of the ammonia (91% ± 22%) partitions to
the particle phase. The predicted nitrate partitioning was is in much better
agreement with the measurements when using the iterated solution or
when neglecting the NH3 data entirely. Furthermore, particle pH changed
by only approximately 3% (slope = 0.97 and R2 = 0.81), with a pH system-
atically ~0.2 pH units higher for the iterated solution compared to not

including NH3 data. As Guo et al. (2017) showed, particle pH is not highly sensitive to NH3, requiring 10 times
change in NH3 for a unit change in pH.

Following Guo et al. (2016), we iterate the thermodynamic model, adjusting TNH3, until the pNH4
+ prediction

converges with observations, to be as conservative as possible with regard to particle acidity, considering the
more reliable measurements of gas and particle composition that drives particle acidity made during the
WINTER campaign. In the mean, we measure an estimated 91% of all the submicron TNH3 with the AMS
and PILS, and our resulting estimation for gas-phase NH3 is small enough that it does not impact the pH sig-
nificantly enough to change the chlorine-partitioning results we present outside the uncertainty ranges of
the measurements.

For our simulations, ISORROPIA II is run in “metastable” mode, which suppresses any solid precipitates from
forming. Following Guo et al. (2016), we exclude data with RH <20%, since under these conditions, aerosols
are less likely to be in a completely liquid state, or within the boundary layer (Ansari & Pandis, 2000;
Fountoukis & Nenes, 2007; Malm & Day, 2001), and the modeled activity coefficients associated with such
highly concentrated solutions are very uncertain (Fountoukis et al., 2009). Owing to the exponential growth
in particle liquid water with RH, data with RH >95% are assumed to have an RH = 95% (only 4% of data).
Neglecting these two effects in ISORROPIA II analysis has been shown to affect the model-predicted pH
(Guo et al., 2015, 2016; Malm & Day, 2001) and, therefore, the partitioning of HNO3 and HCl to the gas phase.
We subsequently analyze the potential effects of uncertainty in phase state and activity coefficients even
within this RH range.

We run ISORROPIA II using 10-s averages of WINTER observations of total chloride (TCl = HCl + pCl�), total
nitrate (TNO3 = HNO3 + pNO3

�), pSO4
2�, pNH4

+, and estimated NH3, as well as temperature, pressure, and
RH. In a first simulation (“Base” simulation in Table 2), we use pCl� from the AMS (Dp < 1 μm) and HCl from
the CIMS to calculate TCl. As noted in section 2.1.2, the AMS only detects nonrefractory pCl� (i.e., NH4Cl, HCl
(aq)), not NaCl, which is also likely to be present in PM1 aerosol. We will show that this simulation likely under-
estimates the amount of TCl. Guo et al. (2016) preformed an ISORROPIA II analysis using both the PILS fraction
collector data and the AMS data as input for the particle concentrations and showed that both gave similar
results for predicted fine-particle pH. In this analysis, we use the AMS particle composition data as ISORROPIA
II input since the pCl� measurements were well above their DLs, while the PILS-IC and PILS fraction collector
pCl� measurements were not.

In a second ISORROPIA II simulation (“Iterated NaCl”), we estimate the potential influence of fine-mode
sea salt (pNa+ and pCl�) not detected by the AMS by simultaneously iterating the thermodynamic
calculation with changing amounts of TNH3, and

TCl in equal molar amounts with pNa+, until the
predicted HCl and pNH4

+ concentrations simultaneously converge with the observations within their
DLs. Table 2 summarizes the differences in these ISORROPIA II simulations. Any chloride added was
assumed to be in the form of NaCl, so equal molar amounts of pNa+ and TCl were added concurrently,
constrained by the gas-phase HCl measurements (i.e., how much pCl� was added until predicted HCl
matched the observed HCl; the same amount of pNa+ was added). The iterated TCl concentrations were
required to be equal to or greater than the sum of the AMS pCl� and CIMS HCl measurements,

Table 2
ISORROPIA II Inputs Used in This Study of 2015 WINTER Campaign
Chlorine Partitioning

ISORROPIA
inputs Base Iterated NaCl

Total nitrate CIMS HNO3 + AMS NO3
� CIMS HNO3 + AMS NO3

�

Total sulfate AMS SO4
2� AMS SO4

2�

Total ammonium AMS NH4
+ + iterated NH3 AMS NH4 + iterated NH3

Total chloride CIMS HCl + AMS Cl� CIMS HCl + iterated Cl�

Sodium 0 Iterated Na+

Note. WINTER = Wintertime Investigation of Transport, Emissions, and
Reactivity; AMS = aerosol mass spectrometer; CIMS = chemical ionization
mass spectrometer.
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simulating only addition of total chloride. Convergence was required within 30 iterations with a toler-
ance of either ±10% of the input measurement or ± 0.018 μg/m3

amb of pNH4
+ and ±15 pptv of HCl,

whichever was largest.

In this simulation, chlorine-partitioning agreement is forced to be within the DLs of the HCl observation, a
tight constraint to ensure the most accurate predictions of TCl allowable with this method. The estimation
of NH3 from the iteration method was done simultaneously with the estimate of additional NaCl by the
iteration of TCl and pNa+ since the presence of some amount of submicron NaCl would affect particle
pH and therefore the amount of NH3 needed to match the predicted and observed pNH4

+ partitioning.
Over 85% (n = 16,320) of all observations passed to the model for evaluation resulted in values of
NH3, pNa

+, and pCl�, for which mutual convergence was found. The median pH change from adding sub-
micron NaCl in this simulation was +0.02 units from the base simulation because not all points needed
additions of NaCl, and when they did, the addition did not significantly impact pH, and therefore did
not significantly impact partitioning of nitrate, chloride, or ammonium. Furthermore, the mean change
in the amount of NH3 estimated in this simulation from the base simulation was 0.0 μg/m3. The effect
on submicron particle pH from our simulations is consistent with the conclusion in Guo et al. (2016) that
pNa+ and pCl� do not significantly perturb PM1 pH, such that the submicron chloride partitioning is
dependent upon the pH but does not determine it.

3. Results and Discussion
3.1. Measurements of Cly Compounds

Figure 1 and Table 3 give a summary of the observed WINTER TCly (
TCly = Cly + pCl�) compounds subdi-

vided into air masses sampled over the ocean and over land during the day and night in the bottom
1 km of the atmosphere. Day and night were defined using local time of observations with 10 a.m.–
6 p.m. defined as day and the opposite as night. Only points where simultaneous measurements of all
chlorine compounds (e.g., HCl, HOCl, Cl2, ClNO2, UNH pCl�, PILS pCl�, and AMS pCl�) were made are
included in the data presented in Figure 1 and Table 3. All concentrations shown are calculated using
data from observations time averaged over the sampling period of the UNH filters, which was typically
5–7 min. Values where an individual measurement is found to be below the time-averaging adjusted
DL are set to a value of half the DL (reported in Table 1) and are included. It should be noted that the
WINTER campaign did not spend equal amounts of time sampling these regions, and the sample size
and highly local nature of many of the gas-phase Cly components influences the trends shown in
Figure 1 and Table 3. The percentages presented in Figure 1 are only representative of the relative abun-
dances of the chlorine-containing compounds measured during WINTER. In line with expectations and
past studies (Graedel & Keene, 1995), TCly concentrations are elevated over the ocean with respect to
those over land with the median total mixing ratio of TCly found over the ocean at night being 625 pptv
and during the day being 540 pptv. Over land the median total mixing ratio of TCly was 225 pptv over
land at night and 178 pptv during the day. In all cases, we found that the largest concentrations of mea-
sured TCly were from HCl and PM4 pCl�. ClNO2, HOCl, and Cl2 were present at lower abundances com-
pared to HCl but can have a more significant impact on tropospheric chemistry.

Measurements obtained during the WINTER campaign represent one of the more comprehensive atmo-
spheric HCl data sets reported to date and are well in line with prior measurements and chlorine inven-
tories (Keene et al., 2007) both over the ocean and over land. In pristine areas of the marine boundary
layer where anthropogenic contributions are minimal, chloride displacement from HNO3 and H2SO4

uptake to sea spray aerosol is the largest source of lower tropospheric HCl (Keene et al., 1999). Over
land, HCl can also be emitted from the combustion of coal containing chloride by power plants. The
median mixing ratio of HCl observed during the WINTER campaign was 305 pptv over the ocean at
night, 329 pptv over the ocean during the day, 113 pptv over land at night, and 100 pptv over land
during the day. Sustained, elevated HCl concentrations were observed in the range of 1,800 pptv off-
shore on several flights in areas that are not likely impacted by anthropogenic emission of HCl but
rather secondary production of HCl from equilibrium partitioning out of the particle. The highest con-
centrations of HCl (>5,000 pptv) were measured within freshly emitted coal-fired power plant plumes
(Lee et al., 2018).
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The total amount of PM4 pCl� sampled by the UNH Soluble Acidic Gases and Aerosol (SAGA) instru-
ment is elevated over the ocean, with median concentrations of 0.2–0.5 μg/m3, compared to
0.15 μg/m3 over land within the boundary layer. The PILS provided constraints on the upper limit of
PM1 pCl�. However, only 21% (n = 106) of the PILS-IC measurements below 1-km altitude were above

Figure 1. Median values of the various inorganic chlorine compoundsmeasured within the boundary layer (<1 km) (a) over
the ocean at night, (b) over land at night, (c) over the ocean during the day, and (d) over land during the day.

Table 3
The Median, 25% Quartile (Q1), and 75% Quartile (Q3) of the Concentrations of Cly Measured Below 1 km in Altitude

Measured Species Over ocean, night Over ocean, day Over land, night Over land, day

No. of observations 79 11 58 47
UNH pCl� 188 pptv 192 pptv 98 pptv 87 pptv

(Q1: 104, Q3: 328) (Q1:86, Q3: 294) (Q1: 39,Q3: 154) (Q1: 49, Q3: 113)
0.28 μg/m3 0.29 μg/m3 0.15 μg/m3 0.12 μg/m3

(Q1: 0.16, Q3: 0.50) (Q1:0.13, Q3: 0.43) (Q1:0.06, Q3: 0.23) (Q1:0.07, Q3: 0.17)
PILS pCl� —* —* —* 75 pptv(Q1: 32, Q3: 129)

—* —* —* 0.10 μg/m3(Q1:—*, Q3: 0.18)
AMS pCl� 8.4 pptv 13 pptv 8.8 pptv 11 pptv

(Q1: 5.6, Q3: 11) (Q1: 11, Q3:22) (Q1: 7.2, Q3: 12) (Q1: 8.3, Q3: 16)
0.01 μg/m3 0.02 μg/m3 0.01 μg/m3 0.02 μg/m3

(Q1: 0.01, Q3: 0.02) (Q1:0.1, Q3: 0.03) (Q1:0.01, Q3: 0.02) (Q1:0.01, Q3: 0.03)
HCl 305 pptv 329 pptv 113 pptv 100 pptv

(Q1: 199, Q3: 370) (Q1: 240, Q3: 380) (Q1: 69, Q3: 202) (Q1: 74, Q3: 158)
ClNO2 119 pptv 2.5 pptv 3.7 pptv 1 pptv

(Q1: 24, Q3: 317) (Q1: 0.9, Q3: 270) (Q1: 0.9, Q3: 8.2) (Q1: 0.1, Q3: 3)
HOCl 3.9 pptv 3.4 pptv 0.64 pptv 0.6 pptv

(Q1: 2.3, Q3: 6.3) (Q1: 2, Q3: 4.6) (Q1: 0.38, Q3: 1.9 (Q1: 0.1, Q3: 1)
Cl2 0.60 pptv 0.27 pptv 0.1 pptv 0.18 pptv

(Q1: 0.28, Q3: 1.6) (Q1: 0.2, Q3: 3) (Q1: 0.08, Q3: 0.21) (Q1: 0.09, Q3: 0.3)
Summedian mixing ratio 625 pptv 540 pptv 225 pptv 178 pptv

Note. Each observation represents an average concentration taken over the sampling period of the UNH filter measure-
ments (5–7 min).—* indicates that Q1, median, and Q3 are all equal to one-half detection limit. UNH = University of New
Hampshire; PILS = particle-into-liquid sampler; AMS = aerosol mass spectrometer.
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the DL of 0.09 μg/m3, with resulting median mixing ratios of one-half its DL, 0.045 μg/m3, over
the ocean and over land except for samples taken over land during the day where a median of
0.1 μg/m3 was detected. The lower limit on PM1 pCl� is provided by the AMS nonrefractory chloride
measurement with a median of 0.01–0.02 μg/m3, which is well below the PILS DL. The largest concen-
trations of AMS PM1 pCl�, ~0.20 μg/m3, were observed downwind of New York City over the Atlantic
during Research Flight 3 on the night of 7 February 2015, where most of the other Cly compounds
were also elevated.

ClNO2 sampled during the WINTER campaign peaks at night at over the ocean with a median mixing
ratio of 119 pptv below 1 km on a 5- to 7-min averaging period. In plumes offshore, ClNO2 reached
1,000 pptv lasting well into the early morning until nearly 10 a.m. local time. The WINTER campaign
intentionally targeted areas where ClNO2 production would be maximized over the ocean at night,
and observations show large enhancements of ClNO2 in obvious plumes on flights in the polluted
offshore regions downwind of New York City but also significantly smaller concentrations in the same
area on different flights, highlighting the highly local and variable nature of its production. In the
median we observed <4 pptv of ClNO2 over land, but we observed localized plumes upward of 70 pptv
at night, which is enough to significantly impact the morning radical budget in the winter (Riedel et al.,
2013). The WINTER observations of ClNO2 are in generally good agreement in the overall pattern of the
diurnal cycling and median boundary layer concentrations with all previous measurements of data
collected in both coastal and continental regions (Bannan et al., 2015; Faxon et al., 2015; Mielke
et al., 2011, 2013; Osthoff et al., 2008; Phillips et al., 2012; Riedel et al., 2012, 2013; Tham et al., 2014;
Thornton et al., 2010).

We observed HOCl up to 43 pptv within 1 km over the ocean at night on a 5- to 7-min time-averaging
period. However, we would expect its concentration to peak during the day (Lawler et al., 2011; Saiz-
Lopez et al., 2012; Simpson et al., 2015). There was evidence of direct emissions of HOCl over land inside
of targeted power plant plumes of up to 62 pptv, which quickly diluted downwind. Lawler et al. (2011)
presented measurements of HOCl from a CIMS using a bromide-adduct ion at Cape Verde off the coast
of Africa positioned approximately 50 m from shore from 30 May to 7 June 2009. They report distinctive
diurnal trends with HOCl concentrations peaking during the day with an approximate daytime mean of
80 pptv during only the first 4 days of the campaign with notably smaller diurnal trends and absolute
concentrations during the half of the campaign with an approximate daytime mean of 9 pptv. During
the day, on Research Flight 13 off the coast of South Carolina, we observed sustained HOCl concentra-
tions greater than 20 pptv, similar to those observed in the second half of the sampling period pre-
sented in Lawler et al. (2011) but notably smaller than those observed during the first half of the
sampling period. The HOCl data from Research Flight 13 are not included in the data presented in
Figure 1 and Table 3 because the PM4 measurements were not simultaneously detected on that flight.
If included, the median WINTER HOCl concentration below 1 km over the ocean during the day increase
from 3.9 to 5.6 pptv. However, the air masses sampled during the WINTER campaign were notably more
polluted than during the relatively clean marine air sampled during the Cape Verde campaign.
Additionally, both the sampling method and calibration to HOCl, NOy, O3, CO, and Cl2 concentrations
were different enough during the two campaigns, to account for these differences in what is known
to be highly localized photochemical cycling.

We observed Cl2 concentrations elevated over the ocean at night, with concentrations ranging from only 0.12
to 0.6 pptv in the median over a 5- to 7-min time period, but with local concentrations up to 12 pptv in the
polluted offshore region downwind of New York City. Daytime concentrations of 1–2 pptv were observed
during Research Flight 13 off the shore of South Carolina, where HOCl concentrations were maximized, but
other daytime ocean observations were limited. Concentrations were also elevated over land within specific
power plant plumes (Lee et al., 2018). Elevated Cl2 concentrations were spatially correlated with elevated
nighttime ClNO2 concentrations over the ocean, suggesting that coproduction via heterogeneous processes
like those presented in Roberts et al. (2008) may be possibly occurring. However, these elevated plumes ori-
ginated over areas where the anthropogenic release of Cl2 may also be responsible for their elevated levels.
Our Cl2 measurements are generally in good agreement with those presented in Lawler et al. (2011) showing
Cl2 peaking at night with concentrations ranging from 10 to 20 pptv and 1 to 2 pptv during the day. Like
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Lawler et al. (2011), we did not always see elevated Cl2 levels during night, reflecting the highly variable nat-
ure of this compound in the lower troposphere.

One key question of this work is whether the displacement of chloride from sea-salt particles can
explain the elevated levels of gas-phase Cly observed over the ocean or whether anthropogenic emis-
sion and transport of Cly or sources of pCl� other than sea salt may play a larger role in determining
the tropospheric halogen budget, which was last estimated in the early 1990s (Keene et al., 1999). We
use the UNH observations of pNa+ and pCl� to calculate the absolute chloride mass displaced from a
sea-salt particles, dCl�, which is shown in Figure 2b. Previous comparisons of the pCl�-to-pNa+ ratio in
fresh sea spray have shown it to be conserved, with a measured mass ratio of 1.78 (Junge & Werby,
1958). The dCl� is calculated by subtracting the measured pCl� from the maximum amount of chloride
present in sea-salt particles, which is the product of the measured amount of pNa+, and the Cl�-to-Na+

mass ratio in seawater, (Cl�/Na+)seawater = 1.78:

dCl� ¼ pNaþ
Cl�

Naþ

� �
seawater

� pCl�

Over the ocean below 1 km, 45% (202 pptv) of the median total measured gas-phase Cly (448 pptv) is
explained by the amount displaced from PM4 sea-salt particles. Over land, there is less total Cly below
1 km (116 pptv), but chloride displacement from sea salt still only explains 45% (53 pptv) of the observed
Cly. The excess Cly that is unexplained by displacement from sea-salt particles (Cly � dCl�) is shown in
Figure 2c. Over the ocean, 280 pptv in the median (Q1: 91 pptv, Q3: 440 pptv) of the measured Cly is left unex-
plained by displacement from sea-salt particles with Dp < 4 μm.

Research Flight 3, which took place over the ocean and downwind of New York City, stands out in Figure 2c.
On this flight, Cly had a median concentration of 714 pptv, reaching a maximum of 1,757 pptv over
Manhattan with a median displaced chloride concentration of 294 pptv, leaving 420 pptv (Q1: 375 pptv,
Q3: 568 pptv) of gas-phase Cly unexplained by displacement of chloride from PM4 sea-salt particles. Even if
only HCl, instead of total gas-phase Cly, is compared to dCl�, the total amount of unexplained HCl is still 2
times greater, since HCl concentrations tend to dominate total Cly. The discrepancy is larger than uncertain-
ties in Cly calibrations. Sampling aerosol in bulk is known to drive artificial displacement of HCl (Graedel &
Keene, 1995), which would lead to an overestimate in dCl� and, therefore, an underestimate in the amount
of unexplained Cly shown in Figure 2c. Therefore, a filter sampling artifact is not responsible for the unex-
plained gas-phase Cly.

There are several reasons that the mass displaced from PM4 sea salt below 1 km can explain only half of the
gas-phase chlorine species measured during WINTER. One possible reason for the discrepancy is that the
WINTER measurements of PM4 are a truncated measurement of the sea-salt size distribution and thus an
underestimate of available potential chloride mass (Keene et al., 1999). However, it remains questionable
whether externally mixed particles Dp > 4 μm contribute significantly to gas-phase HCl due to the greater
buffering capacity. Most size-resolved estimates suggest the pH of these larger particles is higher than those
in the submicron (Fang et al., 2017; Zaveri et al., 2008). That said, the degree to which coarse-mode chloride
contributes to the displaced gas-phase Cly concentrations is not quantifiable with the WINTERmeasurements
and will be challenging from any aircraft platform given the typical characteristic inlet cutoff sizes.

Finally, the unexplained source of gas-phase Cly could also be from anthropogenic sources. The areas
sampled over the ocean with elevated Cly concentrations were downwind of major continental sources such
as power plants in the Ohio River Valley and urban regions in the Washington DC-New York corridor, where
other sources of chlorine compounds, such as the partitioning of gas-phase Cly compounds from road salt,
could have been advected downwind that would enhance Cly emissions relative to pNa+ concentrations,
thereby increasing the amount of unexplained Cly. Research Flight 3, which saw the highest Cly concentra-
tions and the largest amount unexplained by sea-salt displacement, took place 5 days after a major blizzard
hit the Northeastern United States and on the night before another, such that the roads throughout the
Northeastern United States were likely heavily salted. In addition, residential wood combustion was a ubiqui-
tous aerosol source during WINTER (Schroder et al., 2018) and is known to emit pCl�, often in the form of KCl
(Reid et al., 2005). Figure 3a shows that the amount of unexplained Cly is positively correlated with carbon
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Figure 2. (a) Map showing the 5-min measurements of Cly (HCl + ClNO2 + HOCl + Cl2), colored by total mixing ratio (pptv).
(b) The measured Cly is plotted versus the displaced mass of chloride from sea-salt particles, divided into those over the
ocean and over land. (c) Map showing concentration of Cly that is not explained by displacement from sea salt (Cly� dCl�).
Flight tracks with insufficient data to calculate the unexplained Cly are shown as black lines.
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monoxide (CO) in areas over the ocean on this specific flight below 1,000 m (r2 = 0.152). Similarly, we found
that unexplained Cly was positively correlated (r2 = 0.22) with UNH filter measurements of magnesium, a
widely used component in road salt shown in Figure 3b. Therefore, some of the unexplained Cly could be
from HCl that was displaced and advected downwind from an anthropogenic source of road salt on land
that is not coemitted with pNa+. However, conclusive attribution is difficult in this regard because of the
correlation that arises from transport of urban pollution tracers into the marine boundary layer where
there is a natural chloride source.

Laskin et al. (2012) also found substantial chloride depletion in aged sea-salt particles that could not be
explained by the known atmospheric reactivity of sea salt with inorganic nitric and sulfuric acids. They pre-
sented evidence that pCl� may react with organic acids efficiently, releasing HCl gas to the atmosphere
and leaving behind particles depleted in chloride and enriched in the corresponding organic salts. It is pos-
sible this mechanism could be occurring, especially in the coarse mode, depleting the aerosol chloride with
respect to pNa+ by displacing HCl.

3.2. ISORROPIA II Predictions of Chlorine Gas-Aerosol Partitioning

As shown in Figure 4, the Base ISORROPIA II simulation captures the observed HNO3-NO3
� partitioning with a

small underestimate in pNO3
� of 8% on average with the RH dependence documented in Guo et al. (2016).

The nitrate partitioning results shown here are not significantly different than those presented in Guo et al.
(2016), indicating that the pH perturbation caused by adding reactive chloride as an ISORROPIA II input value
is too small to affect nitrate partitioning. Similarly, the ammonia partitioning simulated here is not signifi-
cantly different from that presented in Guo et al. (2016) for WINTER.

In the base simulation, ISORROPIA II tends to slightly underestimate the concentration of gas-phase HCl with
a regression slope of 0.95. The degree to which ISORROPIA II can correctly predict HCl concentrations, well
within the instrument uncertainty, lends confidence to the assumption that the HCl measured during the
campaign is the equilibrium concentration, having equilibrated with the submicron aerosol populations.
However, ISORROPIA II does overestimate the amount of pCl� in the particle phase by a consistent factor
of 2. The AMS rarely detected PM1 pCl

� concentrations exceeding 0.2 μg/m3, despite ISORROPIA II predic-
tions that at RH >80%, pCl� could be as high as 0.5 μg/m3.

Figure 3. Measured relationship between the concentrations of Cly not explained by sea-salt displacement over the ocean
below 1 km on Research Flight 3 and (a) CO at 10-s intervals and (b) pMg2+ at the University of New Hampshire filter
intervals (5–7 min).
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Several possible causes exist for ISORROPIA II’s overestimate of PM1 pCl
�. First, we have inherently assumed

that all the measured submicron, nonrefractory pCl� is internally mixed with the measured submicron
nitrate, ammonium, and sulfate. If this was not true, the pH of the externally mixed submicron aerosols that
contain chloride would likely be higher than that calculated under our assumptions (Fang et al., 2017; Zaveri
et al., 2008), in which case, the model would further shift HCl from the gas phase into the particle phase rela-
tive to the results presented here. This is the direction needed tomatch the observations and cannot be ruled
out as a cause for this overprediction considering the measurements that were made during the
WINTER campaign.

Second, the equilibrium model does not include nonequilibrium processes that remove chloride from the
particle into the gas phase, such as ClNO2 or Cl2 production. However, presumably, if chloride was removed
via other heterogeneous processes, the dynamic equilibrium for HCl and chloride would self-adjust. Finally,
The AMS only observed nonrefractory pCl�, which does not include that from PM1 sea salt. Therefore,
another possible reason for the model-measurement disagreement shown in Figure 4 is that sea-salt chloride
was not included in the total PM1 chloride input to ISORROPIA.

To investigate whether this possibility was a realistic cause for the observed model-measurement disagree-
ment, we conducted a second ISORROPIA II simulation with an iterative addition of aqueous pNa+ and pCl�

until the predicted gas-phase HCl matched the observed values, strictly requiring agreement within 15 pptv
(0.012 μg/m3). Not all points passed to ISORROPIA II needed an adjustment to total chloride to match the
observed HCl. Therefore, the median concentration of pCl� that had to be added to force chlorine-
partitioning agreement was 0.0 μg/m3 for the whole campaign. Of the points that did require adjustment
to total input chloride to match the observed HCl at RH >20%, the median pCl� the AMS measured was
0.02 μg/m3, to which a median of 0.04 μg/m3 (Q1: 0.02 μg/m3, Q3: 0.06 μg/m3) of refractory chloride from
sea salt had to be added. Therefore, the median total amount of refractory and nonrefractory chloride in
the PM1 particles, where the partitioning did not initially match, was estimated to 0.07 μg/m3 (Q1: 0.04 μg/m

3,
Q3: 0.12 μg/m3). This analysis implies that in the median, we observed 35% of the total PM1 pCl

� with the
AMS when sea salt was present in amounts appreciable enough to affect the chlorine partitioning.

Figure 4. A comparison of ISORROPIA model-predicted and observed (a) gas-phase HCl, (b) particle chloride, and (c) gas-
phase HNO3, and (d) particle nitrate, colored by relative humidity from the base simulation, including the line of best fit
slope, number of points within a factor of 2 (FAC2), and the normalized mean bias factor (NMBF).
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It is important to note that the overall chlorine partitioning predicted by the model does not significantly
change in the iterated NaCl simulation compared to the base simulation, as so little submicron sea salt is
added in comparison to the concentrations of nitrate, sulfate, and ammonium that aerosol pH is negligibly
changed. Therefore, we are comparing a nearly identical simulation of chlorine partitioning to a different
measurement standard; the base simulation measurement comparison is only to nonrefractory chloride con-
tributions to the particle phase and the iterated simulation allows for a small amount of internally mixed sub-
micron sea salt.

To understand if the median total amount of refractory and nonrefractory pCl� that is necessary for chlorine-
partitioning agreement is a reasonable amount (in themedian 0.07 μg/m3) that could be internally mixed, we
compare the amount of additional pNa+ and pCl� to the other submicron particle chloride measurements
and total particle mass. The DL of the PILS instrument on this time scale was 0.09 μg/m3 for PM1 pCl�.
Including measured values below the DL, the median PILS-measured amount of PM1 pCl

� was 0.06 μg/m3,
while the UNH particle filters saw a median of 0.52 μg/m3 of pCl� in PM4 including all observations.
Therefore, in the median, the amount of total pCl� required to be internally mixed for the ISORROPIA II
HCl concentrations to match observations is lower than what the PILS could reliably detect, yet in good
agreement with its median concentration, and requires only 12% the total PM4 pCl� observed from the
UNH filters to be present in internally mixed particles. The median amount of PM1 pNa

+ measured by the
PILS fraction collector was 0.16 μg/m3, lower than what was added as NaCl for agreement, suggesting that
only 25% of the submicron pNa+ measured (0.16 μg/m3) would have to be internally mixed for the measure-
ment bias of the AMS chloride to be responsible for the ISORROPIA II model-measurement disagreement
shown in Figure 4.

Research Flight 3 required the most pCl� to be added to bring the model into agreement with the mea-
surements and showed elevated levels of all gas-phase Cly compounds and AMS pCl�. This specific flight
took place off the coast of New York City on the night of 7 February 2015 and followed a polluted plume
below 2 km as it aged through dusk into the night and is used as a case study to verify that the chlorine-
partitioning discrepancy can be explained by a fraction of unmeasured pCl�. Figure 5a shows the base
simulation’s predicted and observed chlorine partitioning. For this specific flight, only 39.4% of
ISORROPIA II calculated pCl� was within a factor of 2 of the measurements in the base simulation, with
ISORROPIA II consistently overpredicting the observed pCl�. The uncertainty in the pCl� and HCl mea-
surements and the model response to those uncertainties were not enough to explain the model-
measurement discrepancy observed. For this flight, the nitrate partitioning showed model agreement
always within the measurement uncertainty.

Figure 5b shows the same time series for Research Flight 3 for the iterated NaCl simulation. By design, 100%
of the predictions fall within 15 pptv of observed HCl. A median of 0.04 μg/m3 (Q1: 0.03 μg/m3, Q3:
0.07 μg/m3) of refractory chloride from sea salt had to be added to the median of 0.08 μg/m3 pCl�measured
by the AMS for a total of 0.12 μg/m3 (Q1: 0.07 μg/m

3, Q3: 0.20 μg/m
3) of internally mixed pCl� in the median

to sustain the observed HCl concentrations in equilibrium. Coincidentally, this flight recorded the highest HCl
concentrations in the marine boundary layer.

Figure 5c shows all three different measurements of pCl� from Research Flight 3 compared to the amount
required for agreement with ISORROPIA II predictions. The amount of added chloride is larger than the
amount observed by the AMS, comparable to that measured by the PILS, and lower than the UNH filter mea-
surements of pCl�. A median of 0.61 μg/m3 of PM4 from the filters, likely only a fraction of the total amount of
supermicron chloride, was observed on this flight, and we require only 0.12 μg/m3 to be present in internally
mixed particles to explain the observed chlorine partitioning. Thus, for this flight, contributions to total chlor-
ide from submicron sea-salt particles, which the AMSwould not sample, could not be ruled out as a reason for
the observed partitioning discrepancy.

To explore this possibility further, we use the particle size distribution measurements made aboard the air-
craft to estimate the amount of mass in particles with a diameter less than 2.5 μm that could be present as
internally mixed particles and contributing to equilibrium chlorine partitioning but would not be measured
by the AMS due to the inlet cutoff of 1 μm. Figure 6a shows the median mass distribution for Research
Flight 3 from the PCASP by assuming a constant, intentionally conservative particle density of 1 g/cm3.
Figure 6b shows the time series of the integrated particle mass concentration from particles with a wet
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diameter<2.5 μmderived from the PCASP and compares this to the amount of iterated NaCl needed to force
the chlorine-partitioning agreement and to the amount of pNa+ measured by the PILS fraction collector. The
amount of iterated pNa+ added is either in good agreement with the amount of measured PILS pNa+ or less
than what was measured. This comparison shows that although this flight required the largest amount of
chloride to be added to explain the partitioning, there is likely sufficient pCl� mass available in particles
with sizes less than 2.5 μm that would be equilibrating with the gas phase but potentially unmeasured by
the available composition instrumentation.

3.3. Effective Equilibrium Constant

The above simulations inherently assume that the equilibrium constant used in ISORROPIA II for HCl partition-
ing to aerosol is correct. The discrepancies observed in chlorine partitioning, however, could be due to a vari-
ety of thermodynamic inconsistencies in the model including the aerosol mixing state, Henry’s law constant,
acid dissociation constant, activity coefficient parameterizations, and their temperature dependencies,
instead of just a lack of measured refractory chloride. The measured fraction of total chlorine in the particle
phase (fp (Cl) = AMS pCl�/[AMS pCl� + CIMS HCl]) as a function of the ISORROPIA II-predicted pH from the
base simulation is shown in Figure 7a, colored by observed RH, which is a proxy for aerosol liquid water con-
tent. The ISORROPIA II predictions of fp (Cl) follow an exponential relationship with [H+] (Figure 7b), as
expected. The observed fp (Cl) (Figure 7a) also somewhat follows an exponential trend with pH, but at a lower
overall magnitude. ISORROPIA II overpredicts fp (Cl) at higher pH, and at extremely low pH (<0.25), the scatter
and divergence in the observations (Figure 7a) from the ideal modeled behavior (Figure 7b) increases. The
tendency of the model to underestimate pCl� at extremely low pH and overestimate it at pH >0.5 is seen
more clearly in measurement-model difference shown in Figure 7c. The model predicts that no pCl� can exist
at pH <0, regardless of how much water is present in the particle (governed by ambient RH), but the obser-
vations show that pCl� is rarely zero, even at predicted pH <0.25.

Figure 5. Time series of predicted and observed chlorine species from Research Flight 3, off the coast of New York City on the
night of 7 February 2015. (a) The Base ISORROPIA II simulation-predicted pCl� concentrations (red) compared to the AMS
observations (blue) with measurement uncertainty shown as shading. (b) The iterated NaCl simulation-predicted pCl�

concentrations (red) compared to the observed pCl� concentrations (blue), adjusted by an added hypothetical NaCl com-
ponent (orange shading) that brings the measured and predicted HCl (g) into agreement (black). (c) The total amount of
pCl� needed to match the chlorine partitioning in the iterated NaCl simulation (black) compared to water-soluble chloride
measured by the PILS (green) and PM4 pCl

�measured by the UNH filters (orange), and an inlay of the Research Flight 3 flight
track. AMS = aerosol mass spectrometer; PILS = particle-into-liquid sampler; UNH = University of New Hampshire.
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The trends highlighted in Figure 7 suggest that decreasing ideality at low pH affects chloride partitioning
more strongly than described by the current parameterization of the activity coefficients. The points in
Figure 7c are sized by their activity coefficients and colored by the ambient RH. The model-measurement
discrepancy trend is clearly greater for very humid points with large activity coefficients. Noticeably, in
Figure 7c, the model underpredicts particle chloride for points at pH <0.5 while overpredicting those
at pH >0.5, with a tendency toward worse agreement for points with high activity coefficients and high
RH. Figure 7d shows that the parameterized activity coefficients from ISORROPIA II increase exponentially
at pH <0.5 for points with high RH, as documented in Fountoukis et al. (2009). This large change in activ-
ity coefficients ultimately drives the modeled pCl� to zero at low pH, by correcting for the nonideality of
a solution with a pH so low. In the pH range relevant for accurately assessing chloride partitioning, the
parameterized activity coefficients can vary across an entire order of magnitude at the same predicted
pH for different RH with considerable uncertainty at low temperatures. It is possible, given the large
uncertainty range in the activity coefficient values for conditions typical in submicron atmospheric aero-
sols, that the activity coefficients themselves are responsible for the model-measurement disagreement
presented herein (Fountoukis & Nenes, 2007) rather than a measurement issue or problem of definition
(i.e., externally mixed NaCl) as discussed above. We compared the activity coefficients from ISORROPIA
II, known to sacrifice some accuracy for computational speed, to those predicted by the Extended
Aerosol Inorganics Model (E-AIM) IV (Friese & Ebel, 2010) and saw that the predicted activity coefficients
were comparable at typical WINTER conditions for pH >0.5 but tended to diverge further from one
another as pH decreased with E-AIM predicting higher activity coefficients. At such low pH, the activity
coefficients predicted by both E-AIM and ISORROPIA II are larger than 1; under what conditions, neither
predicts that any particle chloride can exist, despite observations that submicron particles are rarely com-
pletely depleted in Cl�. Therefore, this divergence in predicted coefficients at low pH does not impact the
results presented here. At higher pH, the activity coefficients are in much better agreement with one
another (±0.06), though E-AIM’s predicted chlorine partitioning is slightly better than ISORROPIA II’s given
its larger activity coefficients. However, in the median, E-AIM still overpredicts the amount of chloride pre-
sent in the particle phase by factor of approximately 2.

For comparison with past and future studies, we derive an implied equilibrium constant from the WINTER
data by using ISORROPIA II to predict the particle pH, liquid water content, and activity coefficients.
Figure 8a shows the comparison of the WINTER data’s implied equilibrium constant when the base

Figure 6. (a) Median particle mass distribution in time from the PCASP for Research Flight 3, highlighting the mass con-
tained in particles with wet diameter less than 2.5 μm. (b) A time series of the additional pNa+ and pCl� from the iter-
ated NaCl (which added to the AMS observations), compared to the PILS pNa+ fraction collector data and the median
integrated mass from particles with a wet diameter less than 2.5 μm determined from the PCASP with the instrument
uncertainty shown as a dashed line. See text for details. PCASP = Passive Cavity Aerosol Spectrometer Probe; AMS = aerosol
mass spectrometer; PILS = particle-into-liquid sampler.
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simulation-predicted pH, liquid water content, and activity coefficients are used with the CIMS HCl
measurement and high-resolution time-of-flight AMS PM1 chloridemeasurement in the following expression:

Keq ¼ Hþ½ � Cl�½ �
HCl½ �

γCl
LWC

� �2

where Keq is in units of mol2·kg�2
soln·atm

�1, [H+] and [Cl�] are in mol/m3, [HCl] in atm, LWC (liquid water con-
tent) is in units of kg/m3, and γCl is unitless. Henry’s law data compiled for HCl were drawn from Sander (2015).
If the original publication derived no acid dissociation constant, then that of Marsh and McElroy (1985) was
used to determine an equilibrium constant. By fitting an exponential to the median of the data binned by
temperature during the WINTER campaign, a function was derived that represents the median equilibrium
constant observed during WINTER. Shown in black in Figure 8b, the observation-based equilibrium constant
function was found to be

Keq ¼ 2:5�106 exp 5208
1
T
� 1
298

� �� �
mol2·kg�2

soln·atm
�1

� 	

This function was derived from the 10-s ISORROPIA II base simulation and WINTER measurements and
excludes points with activity coefficients greater than 1, predicted pH <0.5, HCl <100 pptv, pCl�

<0.01 μg/m3, RH <20%, and pressure altitude <1,000 m. This function does not significantly change the

Figure 7. (a) The observed particle-phase fraction of chloride (fp (Cl)) as a function of model-predicted pH and colored by
relative humidity (RH) for the base simulation. (b) Model-predicted fp (Cl) for the base simulation colored by RH. (c) The
difference between model and measured fp (Cl) as a function of pH and sized by their activity coefficients and colored by
RH. (d) The activity coefficients parameterized by the model as a function of pH and colored by RH.
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implied value of the equilibrium constant at 298 K, suggesting a slightly higher value than that currently in
ISORROPIA II (changing from 1.916 × 106 mol 2·kg�2

soln·atm
�1 to 2.5 × 106 mol 2·kg�2

soln·atm
�1), which is well

within the range of published values. However, the WINTER data are heavily weighted to observing condi-
tions at lower temperatures (T< 275 K), not temperatures close to 298 K where most previous functions were
derived. The WINTER data suggest a lower temperature dependence of the equilibrium function of 5208 K�1

compared to the published literature values of ~6800–9200 K�1. This temperature dependence reflects the
combination of those in Henry’s law and acid dissociation constants.

It should be noted that this function was derived using chloride measurements that do not contain contribu-
tions from potentially unmeasured sea salt and would not be expected to be the true partitioning function. If
the true amount of pCl� in particles were larger than what was measured by the AMS, as we have presented
evidence of, then the implied equilibrium constant would increase, thereby bringing it into closer agreement
with published literature functions. Thus, our value is an observationally constrained lower limit of the effec-
tive equilibrium constant for HCl.

As Figure 8b demonstrates, in PM1 aerosols with low pH and small volumes, the value of the activity coeffi-
cients is enough to push the effective equilibrium constant throughout 2 orders of magnitude. Therefore,
how activity coefficients are parameterized in highly nonideal solutions will ultimately impact our ability to
constrain this value any further, even with improved measurements of the full range of pCl�, and the appli-
cation of ISORROPIA II to such unideal mixtures should be done with the caution.

4. Summary

We present speciated reactive chlorine observations (HCl, pCl�, HOCl, ClNO2, and Cl2) obtained during the
WINTER campaign aboard the NCAR C-130 aircraft from February to March 2015. Over both the ocean and
land, the measured inorganic chlorine compounds were dominated by gas-phase HCl and PM4 pCl�. The
total amount of all measured inorganic chlorine compounds was greater than 2 times larger over the ocean
than over land within the bottom 1 km of the atmosphere. Elevated levels of HCl (g), routinely upward of

Figure 8. (a) The implied equilibrium constant as a function of temperature, colored by pH from the outputted ISORROPIA II
HCl and Cl� concentrations, pH, LWC, and activity from the iterated NaCl simulation compared to literature functions (lines)
assuming activity coefficients equal to 1. (b) The implied equilibrium constant as a function of temperature, colored by
predicted pH, from the measured HCl and Cl� concentrations during WINTER and ISORROPIA II-predicted pH, LWC, and
activity coefficients from the base simulation. Box and whisker plots show the medians of data within a selected tem-
perature range. For information on Henry’s law constants and acid dissociation constants used to derive the listed func-
tions, see Wagman et al. (1982), Gradel and Goldberg (1983), Dean (1992), Marsh and McElroy (1985), and Seinfeld (1986).
*Function also derived in Brimblecombe and Clegg (1989) and Carslaw et al. (1995). LWC = liquid water content;
WINTER = Wintertime Investigation of Transport, Emissions, and Reactivity.
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300 pptv, are seen below 1 km over the ocean, whereas over-land concentrations of HCl were typically
100 pptv, except near power plant plumes where HCl concentrations exceeded 1 ppbv. We observed
ClNO2 peaking at night at over the ocean with a concentration of 119 pptv in the median, below 1 km; how-
ever, we sampled plumes offshore over the ocean that peaked >1,000 pptv of ClNO2 and which lasted well
into the early morning until nearly 10 a.m. local time. In the median, we observed 3.7 pptv of ClNO2 over land,
but we observed localized plumes upward of 70 pptv at night, which is enough to significantly impact the
morning radical budget in the winter (Riedel et al., 2013). We observed HOCl concentrations of 3.4–3.9 pptv
in the median within 1 km over the ocean, with generally lower concentrations of HOCl in the polluted air
sampled during WINTER than were sampled in the pristine marine air during the Cape Verde campaign pre-
sented in Lawler et al. (2011).

AMS observations show 0–20% of available total nonrefractory chlorine partitions into the PM1 particles (0–
0.2 μg/m3

amb) at sufficiently high RH, low temperatures, and pH above 0.5. The ISORROPIA II thermodynamic
model of the system initially correctly predicted HCl concentrations with a regression slope of 1.05 but over-
predicted submicron pCl� by about a factor 2 when pH was >0.5. This discrepancy could be explained by
small amounts of refractory chloride, such as sea-salt particles, that the AMS pCl� measurement would not
capture but that could be fully or partially in equilibrium with gas-phase HCl. The amount of additional
NaCl needed to explain the model-measurement difference was less than the total observed PM4 pCl

� mass
concentration, less than the submicron pNa+ measured by the PILS fraction collector, and well below the
range of total mass concentration derived from the measured number concentrations of particles
with Dp < 1 μm.

Large uncertainties in the parameterized activity coefficients typical for systems with pH <0.5 and low RH
ultimately limit the validity of chloride-partitioning calculations under those conditions, as previously noted
in Fountoukis and Nenes (2007). Based on the measurement-model difference in the particle-phase fraction
of chloride, we derive a lower limit to the effective equilibrium constant for HCl to be Keq = 2.5 × 106

exp[5,208 (1/T � 1/T0) mol2·kg�2
soln·atm

�1]. This value suggests a slight decrease in the temperature depen-
dency of the HCl effective equilibrium constant function used in ISORROPIA II. This work highlights the sen-
sitivity of chlorine partitioning in ISORROPIA II to even minor input changes and demonstrates that the
equilibrium constant may not be able to be further constrained by field data in highly unideal, cold particles
unless parameterizations of activity coefficients in this extreme are better defined or lower DLs for water-
soluble NaCl can be made. Refinements to our representation of the basic thermodynamic parameters used
in partitioning models and to instrumentation to measure pCl� will be necessary to dynamically simulate
atmospheric halogen chemistry.
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